1
H chemical shifts using the Sander module of AMBER 6 .0 reveals that the frequencies of the H␤ and H3 resonances of Trp4 and Trp11 (for trpzips 1 and 2) and Trp5 and Trp14 (for trpzip4) are inconsistent with the side chain orientations previously determined. Instead, refinement of the structures based not only on NOE-derived distance restraints and dihedral angle restraints, but also on 1 H chemical shift-based restraints, indicates that the side chains for these residues actually reside primarily in the 180° 1 rotamer well, not the Ϫ60°rotamer previously indicated. Refined coordinates are available in the Protein Data Bank, www.rcsb.org [PDB ID codes 1LE0 (trpzip1), 1LE1 (trpzip2), and 1LE3 (trpzip4)]. The updated coordinates are very similar to those determined previously; as before, for all three peptides, the two strands are highly twisted. The important difference, however, is that each pair of cross-strand tryptophan rings now shows edge-to-face packing against one another (see Fig. 1 ) that is conserved among all three trpzip peptides regardless of turn-type. Fig. 3 was omitted due to a printer's error. The complete figure and its legend appear below.
www.pnas.org͞cgi͞doi͞10.1073͞pnas.132281199 Fig. 3 . Dynamin-1 mediates RE, whereas dynamin-2 mediates SE. Cm records from cells in which either affinity-purified (A) antidynamin-1-specific IgG or (B) antidynamin-2-specific IgG, both at 1 mg͞ml, were introduced into calf chromaffin cells followed by transient or sustained stimulation. In A, note that antidynamin-1 IgG inhibits RE (a1) but has no effect on SE (a2). In B, antidynamin-2 IgG has no effect on RE (b1) but blocks SE (b2). Note in Bb1 that two rounds of exocytosis/RE occur, whereas in Aa1 the second round of RE is blocked after the antibody has diffused into the cell (in the first round, RE is normal because insufficient antibody has diffused into the cell; the extent of the first exocytosis in Aa1 and Bb1 appears smaller because of simultaneous endocytosis that is largely absent in the second round). (Insets) Reactivity of antidynamin-1 (c1)-and -2 (c2)-specific antibodies with lysates from rat brain synaptosomes (Syn; 10 g of protein); calf chromaffin (AC) cells (100 g), and PC12 cells (100 g); immunoblots were performed as described (9) and developed by using enhanced chemiluminescence.
Sustained stimulation shifts the mechanism of endocytosis from dynamin-1-dependent rapid endocytosis to clathrin-and dynamin-2-mediated slow endocytosis in chromaffin cells T he mechanisms of endocytosis that contribute to the recycling of synaptic vesicles at nerve terminals and dense-core vesicles in neuroendocrine cells are still actively debated (1) . The predominant model suggests that vesicle membrane merges with the plasma membrane and that recovery is primarily accomplished by clathrincoated vesicles, which bud either from the plasma membrane or from cisternae located at some distance from the active zone or sites of exocytosis (2) (3) (4) . By contrast, the ''kiss-and-run'' or transient fusion hypothesis proposes that vesicles are recovered intact directly at the active zone and may then be directly refilled with transmitter without the necessity of the sorting processes thought to be integral to the coated vesicle mechanism (1, 5) . Recent experiments showing kinetically distinct types of endocytosis at nerve terminals (6) (7) (8) suggest that models of synaptic vesicle recycling that consider only clathrin-based mechanisms (3, 4) are too simplistic.
We have postulated that the rapid (complete within several seconds) endocytosis (RE) processes seen in calf chromaffin cells (9) (10) (11) , other types of neurosecretory cells (e.g., [12] [13] [14] , as well as synaptic terminals (8, 15) , comprise the endocytotic arm of the transient fusion mechanism (1) . Capacitance measurements of membrane retrieval in calf chromaffin cells reveal that RE is a process that ensues after very mild stimulation (release of Ϸ250-600 vesicles). It is kinetically complex and has three time constants (ultrafast, Ϸ0.3 sec; fast-1, Ϸ3 sec; and fast-2, Ϸ13 sec); similar kinetics were subsequently reported in adult bovine chromaffin cells (16, 17) . RE may manifest as ''excess retrieval'' in the first round of stimulation, but subsequent rounds (using identical stimulation with identical Ca 2ϩ influx) usually show ''compensatory retrieval'' where cell membrane capacitance (C m ) values return directly to near baseline (9, 14) . As we have found no mechanistic differences between these processes (e.g., both are blocked by antidynamin IgGs, substitution of extracellular Ca 2ϩ or anticalmodulin peptides but are resistant to anticlathrin IgGs), we consider them to be alternate modes of the same basic RE process.
RE is a strictly Ca 2ϩ -dependent process that uses the fission protein dynamin to recover presumptive vesicular membrane after secretion (9) (10) (11) . Strikingly, all forms of RE are independent of clathrin (9) and are much faster than conventional receptormediated endocytosis, as reported in a variety of studies (18) . Here we show that a slower form of endocytosis (complete within several minutes) takes over when chromaffin cells are subjected to more sustained stimulation. We demonstrate that this form differs mechanistically from RE and corresponds to a clathrin-coated vesicle process likely akin to receptor-mediated endocytosis. In particular, RE is mediated by dynamin-1, whereas the slower form is mediated by dynamin-2, both of which are present in chromaffin cells.
Methods
Cell Culture and Electrophysiology. Calf chromaffin cells were obtained by collagenase digestion of adrenal medullae from 10-to 12-week-old bovine calves followed by gradient centrifugation to purify chromaffin cells (9) . Culture conditions were as described previously (9) ] 120 mM; nucleotides added fresh from stocks just before experiment). The bath solution consisted of (in mM): Hepes (10), tetraethylammonium Cl (150), CaCl 2 (2), glucose (10), and 1 M tetrodotoxin, pH 7.3. Other modifications were as noted in figure legends. In some experiments, the perforated patch technique was used. The pipette tip was first dipped in amphotericin-free internal pipette solution, then backfilled with amphotericin-B (Calbiochem; final concentration 240 g͞ml in internal solution, diluted fresh from 60 mg͞ml of DMSO stock). After obtaining a cell-attached gigaseal, Ϸ5 min elapsed before the series resistance dropped to 10-15 M⍀, when recording was begun.
Antibody Treatment. Cells were loaded with antibodies (purified IgGs) via the patch pipette, as described (9, 10) . Anticlathrin monoclonal IgG (X22) was obtained from Affinity Bioreagents (Golden, CO) and used as described (9) . Polyclonal antidynamin-1 IgG (Affinity Bioreagents) and monoclonal antidynamin-2 IgG (BD-Transduction Laboratories, Lexington, KY) were loaded into cells at 1 mg͞ml. Prior to experiment, all antibodies were centrifThis paper was submitted directly (Track II) to the PNAS office.
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ugally dialyzed (Centricon-30; Millipore) into internal pipette solution. After whole-cell break-in, 10 min was allowed for the IgG to reach its target before recording.
Immunochemistry. Immunoblots for dynamin-1 and -2 were performed on tissue extracts as previously described (9) . Specificity of the isoform-specific antibodies was confirmed by immunoblot against total extracts of tissues known to express only dynamin-1 (synaptosomes) and only dynamin-2 (fibroblasts). Dynamin-1 IgG did not react with fibroblast proteins, and dynamin-2 IgG did not react with synaptosome proteins (data not shown). Chromaffin cells grown on coverslips were prepared for doublelabel immunocytochemistry by fixation in 4% paraformaldehyde͞PBS. Samples were then reacted with antidynamin-2 IgG (1:1,000) followed by antidynamin-1 IgG (1:1,000). Secondary antibody detection was with fluorescein anti-mouse IgG and Texas red anti-rabbit IgG, respectively. Samples were viewed in an Olympus (New Hyde Park, NY) FluoView confocal microscope, digitized by using F LUOVIEW software and analyzed by using IMAGE J (NIH). (b2) After a 12-min recovery period, during which baseline C m was attained and remained stable, a second round of secretion was elicited with the sustained protocol. Under these conditions, endocytosis was slow, and C m returned to baseline in Ϸ9 min (see Table 1 
Results
C m recordings reveal that RE invariably follows exocytosis in calf chromaffin cells when these cells are mildly stimulated (9) (10) (11) . To determine whether alternate membrane recovery processes exist in response to various secretory stimuli, we subjected isolated cells to depolarizing pulse trains of different duration or frequency and recorded the accompanying C m changes (Fig. 1A) . As shown in Fig.  1Bb1 , when cells are subjected to 10 depolarizations of 50 msec, C m rises with exocytosis but then rapidly declines to baseline within Ϸ40 sec (20 sec on average), typical of RE as previously characterized by us (refs. 9-11; Table 1 ). However, when stimulation is increased several-fold (29 ϫ 75 msec depolarizations), RE disappears by the end of the stimulation period. Instead, a slower form of membrane retrieval ensues, which gradually returns C m to baseline within Ϸ10 min at 23°C ( Fig. 1Bb2; Table 1 ). Unlike RE, slow endocytosis (SE) is well described by a single kinetic component with a constant rate (Ϸ140 fF͞min). SE was also found when cells were immediately stimulated with the sustained protocol [i.e., without prior RE; Fig. 1Bb2 (Inset) ]. Moreover, very similar parameters for RE and SE were obtained when cells were stimulated in perforated patch mode (Table 1) . Together with our previous data showing that RE remains intact even during longterm whole-cell recording in calf chromaffin cells (9-11), these results suggest that SE is not a kinetically modified form of RE arising from ''washout'' of some critical endocytotic component.
The duration of SE is within the range previously reported for recovery of dense-core vesicle markers deposited on the chromaffin cell surface after a long depolarizing stimulus (19, 20) , or for horseradish peroxidase uptake after secretion in chromaffin cells (21) . Given that the average rate of SE is about 45-fold slower than the fast-1 form of RE (Table 1 ; see also refs. 9, 10), we tested whether the two processes were mechanistically different. Clathrincoated vesicle-based endocytosis (including receptor-mediated endocytosis) depends on intracellular K ϩ (22) . Previously, we showed that removal of K ϩ from the patch-pipette solution (promoting diffusional K ϩ loss from the cytoplasm) had no effect on RE (ref. Table  1 ). To examine whether SE depends on the assembly of clathrin cages, we introduced into the cell affinity-purified monoclonal anticlathrin antibody (23) , which is known to inhibit receptormediated endocytosis in chromaffin and other cells but does not influence RE (both ''excess retrieval'' and ''compensatory endocytosis;'' ref. 9 , neither of which support RE. As shown in Fig. 2Dd1 , RE is abolished under these conditions, but SE still occurs (Fig. 2Dd2) , albeit with slower kinetics (Table 1; results with Ba   2ϩ were comparable, including the slowed SE time course; data not shown). These results suggest that SE is independent of, or less influenced by, Ca 2ϩ or has a divalent cation specificity different to RE. Dynamins are a family of proteins that are involved in vesicular fission reactions at various membranes and have been implicated in both RE and receptor-mediated endocytosis (for reviews, see refs. 24, 25) . Although dynamin-2 has a ubiquitous distribution, dynamin-1 is found primarily in neurons and some neuroendocrine cells. Chromaffin cells express both dynamins-1 and -2, and we previously hypothesized that these isoforms might regulate different types of endocytosis (11) . Using isolated pleckstrin-homology domains as dominant negatives, we showed that interference with dynamin-1 but not -2 function specifically blocks RE (11) . To establish whether RE and SE depend on the function of different dynamin isoforms, we diffused antidynamin-1-and -2-specific antibodies into calf chromaffin cells before stimulation. As expected (11), antidynamin-1 but not -2 IgG was able to block RE (Fig. 3 Aa1 and Bb1). By contrast, antidynamin-2 IgG interfered with SE, whereas antidynamin-1 IgG was inactive (Fig. 3 Aa2 and Bb2). Neither antibody affected the kinetics of exocytosis or the magnitude of Ca 2ϩ currents, indicating the absence of nonspecific effects (mean data summarized in Table 1 ). Immunoblotting confirmed that calf chromaffin cells express both isoforms of dynamin ( Fig. 3;  see ref. 11 ). These results demonstrate that both RE and SE are mediated by dynamin, but that different isoforms are predominantly linked to the two mechanisms. Given this finding, it seemed possible that dynamin-1 and -2 distribution in calf chromaffin cells might be distinct, which was confirmed by localizing the two isoforms by immunofluorescence microscopy (Fig. 4) . Each isoform displayed a punctate distribution, but little or no overlap was found by careful analysis of merged images. Similar results were obtained in other cell types that express both isoforms of dynamin (data not shown). 
Explanation of measurements: Peak current corresponds to the maximum Ca 2ϩ current amplitude evoked by the first pulse in the train of stimulation. Cumulative current integral is calculated from the total number of Ca 2ϩ ions entering the cell during the entire stimulation period (10 depolarizations of 50 ms for RE and 29 of 75 ms for SE). Total C m increase is the maximum increase of membrane capacitance at the end of the train of stimulation. Rate of endocytosis for SE was obtained by measuring the slope of the declining C m trace. Rate of endocytosis for RE was obtained by measuring the steepest downward slope of C m trace. The endocytosis duration is the time required for Cm to return to baseline from its maximum level after stimulation. Perforated patch values (120 mM K ϩ ) were not significantly different from whole-cell controls. Measurements are given as means Ϯ SEM. Dashes indicate not significantly different from zero.
Discussion
The present data may contribute to a longstanding controversy in neurobiology with respect to the transient and complete fusion models of exo͞endocytosis, which may be coupled to entirely separate pathways of vesicle recycling (1). Ceccarelli et al. were the first to hypothesize that synaptic vesicles regenerate by two different pathways, depending on the degree of stimulation (5). However, morphological markers for the ''kiss-and-run'' pathway, claimed to be the major mechanism of recycling under physiological conditions, were lacking. As a consequence, the pathway that is prevalent under tetanic stimulation conditions, where the decimated synaptic vesicle population is slowly regenerated in part by easily recognizable coated vesicles (2), has become the accepted paradigm in the field. Although recent data from various synaptic preparations have uncovered different rates of membrane retrieval in response to variations in stimulation (6) (7) (8) , the mechanistic details remain unknown. We show here that chromaffin cells resemble synaptic terminals with respect to the existence of different endocytotic processes and their dependence on stimulation intensity. We verify, to our knowledge for the first time, that these modes of membrane recovery are mechanistically divergent, as summarized in Table  2 . RE, elicited by transient stimulation, is a clathrin-independent process that may be the last step in kiss-and-run exocytosis. SE, on the other hand, is activated with sustained stimulation and involves clathrin and, most likely, coated vesicles.
Other distinctions are apparent from present and previous work: e.g., whereas RE exhibits a specific requirement for Ca 2ϩ , SE does not (refs. 9 and 10; Fig. 2D ). Furthermore, different isoforms of dynamin are preferentially used by the two processes: dynamin-1 mediates RE (11), whereas dynamin-2 mediates SE, which we show here with specific antibodies (Fig. 3) . Early speculation that the function of different dynamins might be largely redundant has generally given way to the view that these Fig. 2 . Slow endocytosis is mediated by a clathrin-coated vesicle pathway and is independent of Ca entry. Cm records from cells in which secretion was evoked as in Fig. 1 for both RE and SE. (A) Pipette solution contained 120 mM K ϩ ; SE ensues and is complete within Ϸ8 min. (B) Pipette solution contained 0 mM K ϩ (replaced by Cs-glutamate); SE is absent (b2), but RE is unaffected (b1). No significant difference in Cm rise between the sustained protocols in A and B was found (see Table 1 for average values of this and other parameters from these experiments). (C) Anticlathrin IgG (1 mg͞ml) diffused into the cell from the patch pipette in the presence of 120 mM K ϩ . Monoclonal anticlathrin IgG [ϫ22] was dialyzed against internal pipette solution; 10 min was allowed to elapse between attaining a whole-cell patch and recording an exo͞endocytotic cycle. Note that no SE takes place in the presence of the IgG (n ϭ 18). RE (not shown) was unaffected by this maneuver, as previously described (9) . C m increase was similar to control. (D) Ca 2ϩ dependence of RE but not SE. Bath Ca 2ϩ was replaced by equimolar Sr 2ϩ , and stimulation was conducted to elicit either RE (d1) or SE (d2). RE was blocked, whereas SE continued and was complete within Ϸ15 min. No significant difference in C m increase was found in Sr 2ϩ versus Ca 2ϩ .
proteins are biochemically and functionally distinct (11, (24) (25) (26) (27) . Dynamin-2 most likely controls receptor-mediated endocytosis in virtually all somatic cells, as it is ubiquitously distributed and this form of endocytosis is universal. By contrast, dynamin-1 has a much more restricted expression and is especially concentrated at nerve terminals, where it may participate in RE-like events governing rapid synaptic vesicle recycling. As clathrin-based endocytosis indubitably takes place at synaptic terminals (2-4), the question arises whether dynamin-1 could participate in both an RE-like event and parallel clathrin-based endocytosis in the same cell. Although this issue remains unresolved, one possibility is that the very high concentration of dynamin-1 at synapses could enable this protein to mediate both processes. In support of this contention, mutant dynamin-1 expression can inhibit receptor-mediated endocytosis in a number of cell types, probably by interfering with the normal function of endogenous dynamin-2 (28, 29) . Notably, mutant dynamin-2 overexpression is much more efficient in this regard (27) . Another possibility is that participation in either process might depend on the phosphorylation state of the protein. Dynamin-1 is dephosphorylated during nerve terminal depolarization (30) , which affects its ability to associate with other proteins, including those purport- Fig. 3 . Dynamin-1 mediates RE, whereas dynamin-2 mediates SE. Cm records from cells in which either affinity-purified (A) antidynamin-1-specific IgG or (B) antidynamin-2-specific IgG, both at 1 mg͞ml, were introduced into calf chromaffin cells followed by transient or sustained stimulation. In A, note that antidynamin-1 IgG inhibits RE (a1) but has no effect on SE (a2). In B, antidynamin-2 IgG has no effect on RE (b1) but blocks SE (b2). Note in Bb1 that two rounds of exocytosis͞RE occur, whereas in Aa1 the second round of RE is blocked after the antibody has diffused into the cell (in the first round, RE is normal because insufficient antibody has diffused into the cell; the extent of the first exocytosis in Aa1 and Bb1 appears smaller because of simultaneous endocytosis that is largely absent in the second round). (Insets) Reactivity of antidynamin-1 (c1)-and -2 (c2)-specific antibodies with lysates from rat brain synaptosomes (Syn; 10 g of protein); calf chromaffin (AC) cells (100 g), and PC12 cells (100 g); immunoblots were performed as described (9) and developed by using enhanced chemiluminescence.
edly involved in coated vesicle assembly (31) . Dephosphorylated dynamin-1 might mediate RE, whereas the phosphorylated form mediates SE, or vice versa.
Several other questions related to the control of endocytotic processes and the mechanism of vesicle recycling are raised by the present work. Can RE be proven to form the endocytotic arm of kiss-and-run secretion in these cells? Patch amperometry combined with the functional tools described here might answer this question. In addition, morphological analysis after different degrees of stimulation may be useful: preliminary studies have recently shown diverse endosomal vesicular populations in stimulated chromaffin cells that likely originate in mechanistically distinct endocytotic events (32) . What factor(s) control the switch from RE to SE? It would seem that either some scarce component (possibly dynamin-1 itself) becomes rate-limiting for RE or that some other component reaches a threshold that inhibits RE and perhaps simultaneously activates SE. It remains to be determined whether the SE pathway described here results in dense-core vesicle recycling, as has been proposed for the clathrin-coated vesicle pathway in nerve terminals containing small synaptic vesicles (2-4). Earlier results in adult bovine chromaffin cells showed that vesicular membrane components retrieved after a strong stimulus to secretion by clathrin-based processes are ultimately recycled back to chromaffin granules in a sorting process taking several hours (for review, see ref. 33 ). We recently showed, by using amperometric methods in calf chromaffin cells, that intracellular dynamin antagonism causes a rapid decline in secretion (34) , suggesting that a recycling pool contributes significantly to ongoing secretory competence, just as in neurons. Thus, as in other aspects of the secretory process, chromaffin cells may provide a useful model for the mechanism of vesicle recycling. 
